Telmisartan provides renal benefit at all stages of the renal continuum in patients with type 2 diabetes mellitus. This research is to investigate the effect of telmisartan on kidney function in diabetic rats and to identify the underlying molecular mechanisms. Diabetic rats were divided into vehicle group, low dosage (TeL) group, and high dosage of telmisartan (TeH) group. We performed Illumina RatRef-12 Expression BeadChip gene array experiments. We found 3-months of treatment with telmisartan significantly decreased 24-h urinary albumin, serum creatinine, blood urea nitrogen, and increased creatinine clearance rate. Kidney hypertrophy and glomerular mesangial matrix expansion were ameliorated. The glomeruli from the TeH group had 1541 genes with significantly changed expression (554 increased, 987 decreased). DAVID (Database for annotation, visualization and Integrated discovery) analyses showed that the most enriched term was 'mitochondrion' (Gene Ontology (GO:0005739)) in all 67 GO functional categories. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses indicated that all differentially expressed genes included seven KEGG pathways. Of those pathways, four are closely related to the oxidative phosphorylation pathway. Quantitative real-time PCR verified that the H+ transporting mitochondrial F1 complex, beta subunit (Atp5b), cytochrome c oxidase subunit VIc (Cox6c), and NADH dehydrogenase (ubiquinone) Fe-S protein 3 (Ndufs3) were significantly downregulated both in TeL and TeH groups, while nephrosis 1 homolog (Nphs1) and nephrosis 2 homolog (Nphs2) were significantly upregulated. The increased expression of malonaldehyde and NDUFS3 in the glomeruli of diabetic rats was attenuated by telmisartan. The other significantly changed pathway we found was the peroxisome proliferator-activated receptor (PPAR) signaling pathway. Our data suggest that telmisartan can improve kidney function in diabetic rats. The mechanism may be involved in mitochondrion oxidative phosphorylation, the PPAR-g pathway, and the slit diaphragm.
Introduction
Diabetes mellitus (DM) is considered to be a metabolic disorder with different etiologies characterized by hyperglycemia resulting from defects in insulin secretion and/or action. In 2000, 171 million cases of DM worldwide were estimated, and that number is expected to increase to 366 million cases in 2030 (Wild et al. 2004) . The increasing prevalence of DM has led to a growing number of chronic complications including diabetic nephropathy (DN; Wu et al. 2005) . Approximately 30% of patients with either type 1 or type 2 DM develop DN. DN is the single most common cause of end-stage renal disease (ESRD) in adults. The lifetime risk of developing DN with progression to ESRD is roughly equivalent in type 1 and type 2 DM (Ritz & Orth 1999) . The presence of DN heralds a marked increase in patient morbidity and premature mortality, and significantly impacts on the cost of care (White et al. 2008) . While mortality with diabetic renal disease can precede progression to ESRD, diabetes in those with ESRD remains a significant predictor for increased cardiovascular risk and mortality. DN is characterized by a set of diabetic pathophysiological changes, which begin with glomerular hyperfiltration and renal hypertrophy, and then progress to proteinuria and glomerular filtration rate reduction. As the molecular mechanisms leading to ESRD in DN are still unknown, treatment of DN becomes complex and the therapeutic goal is difficult to achieve.
Telmisartan is one of the angiotensin receptor blockers (ARBs). Moreover, it acts as a partial agonist of peroxisome proliferator-activated receptor g (PPARg). Recent evidence shows that telmisartan provides renal benefit at all stages of the renal continuum in patients with type 2 DM. It improves endothelial function in patients with normoalbuminuria (Benndorf et al. 2007) , delays the progression to overt nephropathy in patients with microalbuminuria (Makino et al. 2007) , and reduces proteinuria in patients with macroalbuminuria (Bakris et al. 2008) . With greater tolerability, the effectiveness of telmisartan is equivalent to angiotensin-converting enzyme. The effect of telmisartan on protein excretion in DN appears to be better than that of losartan (Bakris et al. 2008 ) and equivalent to that of valsartan (Galle et al. 2008 ). In the ONTARGET study, telmisartan provided similar cardiovascular protection to ramipril in patients with DM, while being better tolerated and having fewer treatment discontinuations (ONTARGET Investigators et al. 2008) .
However, little is known about the mechanism underlying the renal protection of telmisartan. In the present study, we aimed to find the mechanism of telmisartan improving kidney function by using gene array experiments.
Gene expression profiling using microarray analysis has been used to study biological signaling pathways in many studies (Ghanaat-Pour et al. 2007) . By comparing the gene expression profiles of treatment groups with the vehicle group, we can identify the putative molecular mechanisms for the renal protective effects of telmisartan in diabetic rats.
Materials and methods
Animal modeling, grouping, and treatment Male Sprague-Dawley rats (200-250 g) were purchased from the Institute of Laboratory Animal Science, Chinese Academy of Medical Sciences and Peking Union Medical College (Beijing, China, SCXK-2011-0010) . According to the previous study (Onozato et al. 2008) , diabetic models were administered with a single dose of streptozotocin (STZ, 60 mg/kg, tail vein), formulated in 0 . 1 mmol/l citrate buffer, pH 4 . 5 (Sigma-Aldrich). One week after STZ injection, the random blood glucose level of the diabetic rats was measured to confirm hyperglycemia. Random blood glucose concentrations that were above 16 . 7 mmol/l were used to define rats as diabetic. Diabetic rats with a similar degree of hyperglycemia were randomly divided into three groups: vehicle, and low dose (TeL), and high dose (TeH) telmisartan groups (nZ10, in each group). The typical human daily dose of telmisartan is 40 mg/50 kg body weight, and according to the formula: d rat Zd human !0 . 71/0 . 11 (Huang et al. 2004) , the corresponding dose of telmisartan for rats is 5 . 16 mg/kg per day, so we selected 5 and 10 mg/kg per day as low and high dosages respectively. The control (nZ10) and vehicle group received 0 . 5% saline, whereas the TeL and TeH groups were given telmisartan (Boehringer Ingelheim, Ingelheim am Rheim, Germany) at 5 and 10 mg/kg in 0 . 5% saline respectively. The drug was dosed once daily using a gastric gavage for 12 weeks. All animals were housed in an environmentally controlled room at 25 8C in a 12 h light:12 h darkness cycle and given free access to food and water throughout the experimental period. Fasting animals were allowed free access to water. After 12 weeks of treatment, blood samples were taken from rats after anesthesia. The rats were then killed and their left kidneys were weighed. An index of renal hypertrophy was estimated by comparing the weight of the left kidney with the body weight. Some kidney tissue was then collected. Glomeruli were isolated by using the conventional sieving method (Schlondorff 1990) . In brief, kidneys were minced well on ice and forced through sequential steel sieves, and glomeruli were collected with the use of cold PBS, transferred into a tube, and pelleted for 1 min at 1200 g. The supernatant was removed and then glomeruli were stored in dry ice to perform the microarray and quantitative real-time PCR (qRT-PCR) experiments. Some kidneys were fixed in 10% neutralized formalin for histology. All procedures involving animals were approved by the animal care and use committee of the Peking Union Medical College Hospital (Beijing, China, MC-07-6004) and were conducted in compliance with Guide of the Care and Use of Laboratory Animals (NIH publication No. 86-23, revised 1996) . All surgery was performed under sodium pentobarbital anesthesia, and all efforts were made to minimize suffering.
Measurement of body weight and fasting blood glucose levels
Body weight was monitored monthly. The 6-h fasting blood glucose (FBG) level was measured monthly using a BREEZE 2 glucometer (Bayer) with blood from a tail bleed.
Measurement of urine parameters
The 24-h urine samples were collected at the 12th week. The rats were housed in metabolic cages for 24 h to collect urine samples. Urine samples were centrifuged at 3000 g for 10 min (Varifuge Heraeus 3.0, Hamburg, Germany) to remove any suspended particles and were stored in aliquots at K80 8C. Urine protein and creatinine levels were measured with an Olympus AU 5400 analyzer (Olympus Diagnostica, Hamburg, Germany). Urinary protein was determined by the sulfosalicylic acid method. Urine creatinine level was measured by creatinine enzymatic assay. Creatinine clearance rate (Ccr) was calculated as (urinary creatinine!urine volume produced per minute)/(serum creatinine!body weight), and was expressed as milliliter per minute per kilogram.
Serum biochemistry analysis
In the 12th week, after euthanasia, blood samples were taken. The blood samples were centrifuged at 3000 g for Q ZHANG and others . Telmisartan oxidative phosphorylation in diabetic rats 10 min, and serum was stored in aliquots at K80 8C. Serum creatinine and blood urea nitrogen (BUN) were measured with an Olympus AU 5400 analyzer (Olympus Diagnostica). Serum creatinine level was measured by creatinine enzymatic assay. BUN was measured by urease method.
Renal histological analysis
The kidneys from the control, vehicle, and TeH groups (nZ10, in each group) were removed and embedded in paraffin to prepare 4-mm tissue slices. The tissue slices were stained with periodic acid-Schiff (PAS) for histological evaluation. The mesangial expansion index was scored in four levels from 0 to 3, with the index scores defined as follows (Border et al. 1990 ): 0, normal glomeruli; 1, matrix expansion occurred in up to 50% of a glomerulus; 2, matrix expansion occurred in 50-75% of a glomerulus; and 3, matrix expansion occurred in 75-100% of a glomerulus from kidney slices of each rat, and the means were calculated.
RNA preparation and microarray experiments
Glomeruli were taken from the TeH and vehicle groups (nZ3, in each group) to perform the microarray experiments. Before the microarray experiment, each total RNA was processed with RNase-free Dnase (Qiagen). RNA was reverse transcribed by Superscript II (Invitrogen). The Illumina RatRef-12 Expression BeadChip contains 22 524 probes for a total of 22 228 rat genes selected primarily from the NCBI RefSeq database (Release 16; Illumina, San Diego, CA, USA), and was used in accordance with the manufacturer's instructions. All reagents were optimized for use with Illumina's Whole-Genome Expression platform. Total RNA of 200 ng was used for cRNA in vitro transcription and labeling with the TotalPrep RNA Labeling Kit using Biotinylated-UTP (Ambion, Austin, TX, USA). Hybridization was carried out in Illumina Intellihyb chambers at 58 8C for 18 . 5 h, followed by washing and staining, in accordance with the Illumina Hybridization System Manual. The signal was developed by staining with Cy3-streptavidin. The BeadChip was scanned on a high resolution Illumina BeadArray reader, using a two-channel, 0 . 8-mm resolution confocal laser scanner.
Data extraction and normalization
Illumina BeadStudio software (version 2.0) was used to extract and normalize the expression data (fluorescence intensities) for the mean intensity of all arrays. Genes expressed in all arrays were selected for analyses. Normalized data were analyzed using the Student's t-test and logistic regression.
Gene array data analysis
Subsequently, signals were averaged for glomeruli from the TeH and vehicle group rats, and fold changes were calculated based on average values from each group. DiffScore and Illumina Custom from the BeadStudio software package were used to determine the differentially expressed genes. The DiffScore was defined using the following formula: 10!sgn(mcondKmref)!(log10(p)). We established the following two criteria, based on the instructions of the Illumina platform, to identify the differentially expressed genes: 1) detection P value !0 . 01 in either of the two sample groups; and 2) DiffScoreO13 (corresponding to P value !0 . 05), under the Benjamini-Hochberg false discovery rate (FDR) correction for multiple tests (Benjamini & Hochberg 1995) . Cluster analyses (Stanford University, Palo Alto, CA, USA) were done using software developed by the methods (Eisen et al. 1998) . To assign biological meaning to the group of genes with changed expression, the subset of genes that met the above criteria was analyzed with the Gene Ontology (GO) classification system and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways, using DAVID (Database for annotation, visualization and integrated discovery) software (http://david.abcc.ncifcrf.gov/; Dennis et al. 2003) . Overrepresentation of genes with altered expression within specific GO categories was determined using the one-tailed Fisher exact probability test modified by the addition of a jack-knifing procedure, which penalizes the significance of categories with very few (e.g. one or two) genes and favors more robust categories with larger numbers of genes ).
qRT-PCR analysis
For validation of the microarray results, five genes from the gene list were selected for qRT-PCR analysis. Each qRT-PCR assay was repeated using three biological replicates and each analysis consisted of three technical replicates. Before PCR, each total RNA was processed with Rnase-free Dnase (Qiagen). RNA was reverse transcribed by Superscript II (Invitrogen). The primers were designed using Applied Biosystems (Foster City, CA, USA) Primer Express design software. Primers were purchased from Applied Biosystems. The reaction production could be accurately measured in the exponential phase of amplification by the ABI prism 7700 Sequence Detection System, with the following cycling conditions: an initial denaturation at 48 8C for 30 min, 95 8C for 15 min, 40 cycles of 95 8C for 15 s, 55 8C for 1 min, and a final unlimited 4 8C hold. The sequences of the primers used are listed in Table 1 . The signal of the housekeeping gene glyceraldehyde-3-phosphate dehydrogenase (Gapdh) was used for normalization. Relative quantification of the mRNA between telmasartan and the method (vehicle) group was calculated using the comparative threshold cycle (C) method (Livak et al. 2001 ).
Immunohistochemistry staining
Renal tissues from the control, vehicle, and TeH groups (nZ10, in each group) were fixed in 10% neutral buffered formalin, cast in paraffin, sliced into 4-mm sections, and placed onto microscope slides. After removal of the paraffin by xylene and dehydration by graded alcohol, slides were immersed in distilled water. Kidney sections were then transferred into a 10 mmol/l citrate buffer solution and heated at 80 8C for 5 min for antigen retrieval. After washing, 3 . 0% peroxide was applied for 20 min to block the activity of endogenous peroxidase. The sections were then incubated in blocking solution (5% BSA) for 1 h at room temperature, followed by treatment with human monoclonal anti-malonaldehyde (MDA) antibody (1:50; Calbiochem Co., Darmstadt, Germany) and rabbit polyclonal anti-NDUFS3 antibody (1:50, 15066-1-AP; Proteintech Group, Inc., Chicago, IL, USA), where indicated overnight at 4 8C. Negative control sections were stained under the identical conditions by substituting the primary antibody with equivalent concentrations of normal rabbit IgG. After washing with PBS, the slides were incubated with the labeled streptavidin biotin reagent, following the manufacturer's instructions. Immunoreactive products were made visible by diaminobezidine (DAB) reaction. Sections were counterstained with hematoxylin for 15 s. Brownish yellow granular or linear deposits were interpreted as positive areas. To evaluate the immunostaining, a total of more than 30 randomly chosen glomeruli per rat were coded and graded in a blind manner. Each score reflects changes in the extent rather than the intensity of staining and depends on the percentage of positive glomeruli. The degree of MDA and NDUFS3 expression in ten rats from each group was graded as follows: 0, absent or !25% staining; 1, 25-50% positive staining; 2, 50-75% positive staining; and 3, more than 75% positive staining (Gross et al. 2003) .
Statistical analysis
All results are expressed as meanGS.D. Statistical analysis was performed with ANOVA followed by a Student's t-test. P!0 . 05 was considered statistically significant. Analysis was done with SPSS 11.0 (SPSS, Inc., Chicago, IL, USA).
Results
Telmisartan showed no influence on body weight and FBG of diabetic rats As shown in Table 2 , the mean body weight of diabetic rats decreased significantly compared with the control rats at month 1 (P!0 . 05), month 2 (P!0 . 01), and month 3 (P!0 . 01). The FBG levels of the diabetic rats were significantly higher than those of the control rats at month 1 (P!0 . 01), month 2 (P!0 . 01), and month 3 (P!0 . 01) (Table 3 ). However, neither body weight nor FBG was significantly different between the vehicle-and telmisartan-treated groups.
Telmisartan moderated kidney dysfunction in diabetic rats
The Ccr of diabetic rats was significantly suppressed (P!0 . 01), whereas the 24-h urinary albumin (P!0 . 01), serum creatinine (P!0 . 05), and BUN (P!0 . 01) of diabetic rats became significantly elevated compared with the control rats. Telmisartan significantly reduced 24-h urinary albumin, serum creatinine, and BUN in all dose groups at month 3. The Ccr of the telmisartantreated group was significantly increased compared with that of the vehicle-treated group (Fig. 1 ).
Telmisartan moderated the kidney hypertrophy in diabetic rats
At the end of study period, the mean left kidney weight and the ratio of left kidney weight to body weight of diabetic rats were significantly increased compared with the control group (P!0 . 05). As shown in Table 4 , the treatment of diabetic rats with 3 months of telmisartan reduced the degree of renal hypertrophy (P!0 . 05).
Telmisartan moderated renal histology in diabetic rats
The control group had normal histology ( Fig. 2A) , while histological examination of the diabetic rat kidneys revealed marked histological changes in glomerular and tubular structure (Fig. 2B) . Although the effect induced by telmisartan was not achieved to that of normal group, the mesangial matrix fraction in the telmisartan group was reduced compared with that of vehicle group (Fig. 2C ). The index of glomerular matrix expansion in the TeH group was significantly decreased compared with the vehicle group (P!0 . 05, Fig. 2D ).
Gene differentially regulated by TeH
There were 1541 differentially expressed genes identified in glomeruli between TeH and vehicle groups.
Of those, 554 genes (35 . 9%) were expressed in increased levels; whereas 987 genes (64 . 1%) were downregulated in the TeH group. Hierarchical clustering based on similarity in gene expression using all differentially expressed genes highlighted the difference in the transcriptional profiles between the TeH and vehicle groups. DAVID analysis of all differentially expressed genes in TeH group yielded 67 GO-categories (Table 5 ).
The most enriched term was 'mitochondrion' (GO:0005739). There were 233 (FDRZ7 . 74!10 K38 ) differentially expressed genes from glomeruli associated with this GO term.
The aforementioned DAVID annotation tool was used for identification of putative KEGG pathways. The genes could be mapped to seven pathways (FDR!0 . 001, Table 6 ). The most common type of enriched pathway was related to 'ribosome' (FDRZ1 . 12!10 K29 ). The second most abundant pathway was related to 'oxidative phosphorylation' (FDRZ6 . 77!10 K13 ). Other pathways included those for 'Parkinson's disease' (FDRZ1 . 55!10 K7 ), 'citrate These pathways included 'oxidative phosphorylation', 'citrate cycle', 'pyruvate metabolism', and 'glycolysis/ gluconeogenesis'. In the 'oxidative phosphorylation' pathway in particular, 95 genes were represented on the gene array, out of which 46 genes were differentially expressed. There were ten genes upregulated and 36 genes downregulated in this pathway.
qRT-PCR experiment
We used qRT-PCR assays to verify some of our microarray results. Five genes (HC transporting mitochondrial F1 complex, beta subunit (Atp5b), cytochrome c oxidase subunit VIc (Cox6c), NADH dehydrogenase (ubiquinone) Fe-S protein 3 (Ndufs3), nephrosis 1 homolog (Nphs1), and nephrosis 2 homolog (Nphs2)) were selected for verification, because of their central positions in 'oxidative phosphorylation' pathway and essential components of the glomerular barrier. The expression ratios of these five genes, as determined through microarray and qRT-PCR, are shown in Table 7 . Atp5b, Cox6c, and Ndufs3 were significantly downregulated both in TeL and TeH groups, while Nphs1 and Nphs2 were upregulated. Strong agreement between the microarray and qRT-PCR results was observed in all three genes, indicating the reliability of our microarray assays.
Renal expression of MDA and NDUFS3
Renal immunostaining for MDA and NDUFS3 in diabetic rats ( Fig. 3B and E) were elevated compared with the control group (Fig. 3A and D) . The elevated MDA and NDUFS3 protein expressions in the kidney of diabetic rats were reduced by 3 months of telmisartan treatment ( Fig. 3C and F) . The semiquantitative score of MDA and NDUFS3 protein expressions in TeH group was also decreased significantly compared with those in the vehicle group (P!0 . 05, Fig. 3G and H ).
Discussion
In this study, we found that the administration of telmisartan to diabetic rats significantly reduced 24-h urinary albumin, serum creatinine, and BUN, and increased Ccr. Moreover, telmisartan can moderate kidney hypertrophy and renal histology in diabetic rats. Clinical studies show that the use of ARBs can effectively protect renal function in patients with type 2 DM.
Post hoc analysis of studies evaluating ARBs suggests that this approach to treatment also has a cardiovascular benefit, besides the protection of renal function (Ritz et al. 2010 ). The ONTARGET study has shown that telmisartan provides superior reductions of proteinuria compared with ramipril and is effective in reducing renal endpoints. ARBs have renoprotection and this effect of telmisartan appears to be more potent than that of losartan, candesartan, or olmesartan in early-stage DN patients (Nakamura et al. 2010) . The INNOVATION study previously showed that treatment with telmisartan effectively reduced the transition from incipient to overt nephropathy in Japanese type 2 DM patients. Telmisartan prevents the progression of microalbuminuria in normotensive Japanese patients with type 2 DM (Makino et al. 2008) . But the mechanism of telmisartan on renal benefit is still on research. Recent research reported that telmisartan was beneficial in reducing oxidative stress and fibrosis in STZ-induced DN (Lakshmanan et al. 2011) . Compared with losartan, telmisartan significantly ameliorated vascular endothelial dysfunction, downregulation of phospho-eNOS, and coronary arterial remodeling in db/db mice. More vascular protective effects of telmisartan than losartan were associated with greater In our gene array research, DAVID analysis of all differentially expressed genes in the TeH group yielded 67 GO categories. The most enriched term was 'mitochondrion' (GO:0005739). After KEGG pathway analysis, all differentially expressed genes could be mapped to seven pathways. The second most significant pathway we found was 'oxidative phosphorylation' (FDRZ6 . 77!10 K13 ). Besides this pathway, there were three pathways closely related to the 'oxidative phosphorylation' pathway. These pathways included 'citrate cycle', 'pyruvate metabolism', and 'glycolysis/ gluconeogenesis'. qRT-PCR and immunohistochemistry staining verified these results. These findings suggest that the oxidative phosphorylation pathway in mitochondrion may play an important role in the renal benefit of telmisartan in diabetic rats.
In eukaryotic cells, mitochondria are important organelles. Through the oxidative phosphorylation pathway, most of ATP is generated from mitochondria. And mitochondria are a major cellular source for reactive oxygen species (ROS). Some evidence shows that increased oxidative stress contributes to DN development (Nishikawa et al. 2000 , Brownlee 2001 , Du et al. 2001 . Hyperglycemia increases ROS production through the mitochondrial electron transport chain in mesangial cells (Kiritoshi et al. 2003) . MDA is one of the ROS products. In immunohistochemistry, we found that telmisartan decreased MDA in glomeruli of diabetic rats. When primary renal proximal tubule cells (PTCs) were cultured in the presence of high glucose, H 2 O 2 was increased. Apocynin, diphenylene iodonium (NADPH oxidase inhibitors), and rotenone (an inhibitor of complex I of the mitochondrial electron transport chain) effectively block the high glucose-induced generation of H 2 O 2 in renal PTCs (Han et al. 2005) . Moreover, hyperglycemia increases the production of ROS inside cultured bovine aortic endothelial cells (Nishikawa et al. 2000) . And this increase in ROS is prevented by an inhibitor of electron transport chain complex II, by an uncoupler of oxidative phosphorylation, by uncoupling protein-1, and by manganese superoxide dismutase. Normalizing levels of mitochondrial ROS with each of these agents prevent the development and progression of DN (Nishikawa et al. 2000) .
A great deal of data shows four main hypotheses on how hyperglycemia causes DN. And several trials based on specific inhibitors support these mechanisms. The four hypotheses are: increased polyol pathway flux, increased advanced glycation end-product formation, activation of protein kinase C isoforms, and increased hexosamine pathway flux. Recently, Brownlee (2005) proposed a unified mechanism that overproduction of superoxide by the mitochondrial electron transport chain activates the four pathways despite the absence of hyperglycemia.
In the citrate cycle, high glucose leads to the overproduction of electrons. Thus, the electron may generate a high mitochondrial membrane potential (Brownlee 2001) . Korshunov et al. (1997) found that high membrane potential inhibits electron transfer at mitochondrial respiratory chain complex III and increases the half-life of superoxide-generating intermediates. Thus, as a consequence of overall downregulated gene expression in the oxidative phosphorylation pathway by telmisartan, it is possible that the exceed of mitochondrial membrane potential may be inhibited, resulting in increased electron transfer at respiratory chain complex III and the inhibition of the overproduction in superoxide and ROS.
The pyruvate metabolism pathway is connected to the citrate cycle through acetyl-CoA. Increased citrate cycle activity could further augment the oxidative phosphorylation pathway by increasing production of NADH and FADH 2 , causing increased production of electron donors and increased mitochondrial membrane potential. These, in turn, could inhibit electron transfer in the oxidative phosphorylation chain, resulting in increased ROS production (Korshunov et al. 1997 , Du et al. 2001 . Importantly, the downstream sequence of these perturbations on several pathways was independently linked to DN risk (Korshunov et al. 1997 , Brownlee 2001 , Du et al. 2001 .
The other significant pathway we found was the 'PPAR signaling pathway' (FDRZ2 . 79!10 K6 ). So, telmisartan may moderate kidney function through PPAR signaling pathway. Telmisartan acts as a partial agonist of PPARg as well as an inhibit or of the AT1 receptor. Recent research reported that telmisartan attenuates oxidative stress and renal fibrosis in STZ diabetic mice with the alteration of angiotensin-(1-7) Mas receptor expression associated with its PPAR-g agonist action (Nakamura et al. 2010 ). Furthermore, Yao et al. (2008) have reported that telmisartan inhibited TGF-b1-induced alpha-smooth muscle actin expression and collagen IV secretion in mesangial cells via the activation of PPAR-g. It has been demonstrated that telmisartan suppressed AT-1R expression in both mRNA and protein levels through the PPAR-g-mediated pathway (Imayama et al. 2006) . We found that Nphs1 and Nphs2 were upregulated by telmisartan, which encoded nephrin and podocin respectively. Nephrin is one of the many podocytespecific proteins that have been described in the last few years, which was the one of the extracellular components of the slit diaphragm. Doublier et al. (2003) found that nephrin expression is reduced in kidney biopsies from patients with diabetes. Podocin is a membrane-bound protein of the stomation family (Roselli et al. 2002) , which is a component of a specialized membrane compartment known as a lipid raft. Schwarz et al. (2001) found that podocin may bind nephrin and recruit it to lipid rafts. We found that telmisartan can maintain the integrity of the slit diaphragm in glomeruli and decrease proteinuria by upregulating Nphs1 and Nphs2.
In summary, our studies provided evidence that telmisartan reduces 24-h urinary albumin, serum creatinine, and serum urea nitrogen in a dosedependent manner, and ameliorate kidney function in diabetic rats. The mechanism is involved in the oxidative phosphorylation pathway, the PPAR-g pathway, and the slit diaphragm. These results provide molecular information for further investigation of the mechanisms by which telmisartan moderates kidney function in diabetic rats. Furthermore, these results could be important in devising mechanism-based and targeted therapeutic strategies for DN and kidney dysfunction.
In conclusion, through the analyses of individual genes, pathway enrichment, and GO terms annotation, we found that the oxidative phosphorylation pathway, the PPAR-g pathway, and the slit diaphragm were associated with telmisartan-treated in diabetic rats.
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